Abstract: The LATERAL ORGAN BOUNDARIES DOMAIN (LBD) gene family encodes plant-specific transcription factors that play crucial roles in the growth and development in many plant species. However, no systematic study of LBD genes has been conducted in strawberry. In this study, 35 LBD (FvLBD) genes were identified in the diploid woodland strawberry genome (Fragaria vesca L.). These LBD proteins could be classified into two groups based on the structure of their lateral organ boundaries domain. The promoters of FvLBD genes contain different regulatory elements associated with potential response to different environmental stimuli and plant developmental signals. Furthermore, we analysed the expression patterns of the LBD genes during the callus formation in strawberry and the results suggested that FvLBD16 might play a prominent role in the regulation of callus formation. In addition, we investigated the expression profiles of FvLBD genes during early fruit development based on transcriptome data. We found that some FvLBD genes show a specific expression pattern. These results indicate that FvLBD genes may have a function in early fruit development. Together, the present study provides insights into possible functions of FvLBD genes and provides a basis for further functional research of FvLBD proteins.
Introduction
LATERAL ORGAN BOUNDARIES DOMAIN (LBD) transcription factors play versatile functions in the regulation of lateral organ development and metabolic processes in higher plants, such as anthocyanin and nitrogen metabolism (Shuai et al. 2002; Majer and Hochholdinger, 2011; Xu et al. 2016 ). The first LATERAL ORGAN BOUNDARIES (LOB) gene was identified in Arabidopsis and found to be expressed at the boundaries of lateral organs during plant development (Shuai et al. 2002; Luo et al. 2016 ). This class of transcription factors is characterized by a highly conserved LOB domain. The characteristic LOB domain comprises a C block containing four cysteine residues with spacing (CX 2 CX 6 CX 3 C) required for DNA-binding activity, a Gly-Ala-Ser (GAS) block [beginning with an FX2(V/A)H motif and ending with a DP(VI)YG motif] and a leucine zipper-like coiledcoil motif (LX 6 LX 3 LX 6 L) responsible for protein dimerization (Shuai et al. 2002; Xu et al. 2016 ). According to the protein sequences, LBD proteins could be further divided into two subclasses (Class I and Class II). All LBD proteins contain the C block while the GAS block and the L-rich block are only observed in Class I LBD proteins (Shuai et al. 2002; Luo et al. 2016) .
LBD proteins play a versatile role in the regulation of plant growth and development. For example, LBD6/AS2 has a function in defining lateral organ boundaries and controlling leaf polarity and flower development. The mutation of LBD6 causes a lotus-leaf structure and smaller sepals and petals in Arabidopsis (Xu, 2003; Xu et al. 2008) . Arabidopsis LBD18 was shown to have a role in regulating lateral root initiation through regulating the cell cyclecontrolling gene E2Fa and the cell wall-loosening factor EXPANSIN4 (Lee et al. 2009; Berckmans et al. 2011; Lee et al. 2013) . LBD genes also function in regulating plant cell wall thickening and secondary growth. For example, Arabidopsis LBD18 and LBD30 were reported to be involved in xylem differentiation in the leaf and root (Soyano et al. 2008) and poplar LBD1 had a positive role in secondary phloem growth (Yordanov et al. 2010 ).
In addition, LBD genes were reported to be important in regulating callus formation. The LBD16, LBD17, LBD18, and LBD29 genes were identified as key regulators of callus induction. The ectopic expression of each of these four genes was able to trigger callus formation without exogenous auxin application, while the suppression of these LBD genes blocked callus formation (Fan et al. 2012; Liu et al. 2014) . Arabidopsis LBD25 was reported to be involved in photomorphogenesis through regulating light and (or) dark dependent hypocotyl elongation (Mangeon et al. 2011; Xu et al. 2016) . LBD proteins are also involved in metabolic processes, as the Class II LBDs 37, 38, and 39 act as negative regulators of anthocyanin biosynthesis in Arabidopsis (Rubin et al. 2009 ). In addition, LBD genes also function in the plant defence response process. For example, Arabidopsis LBD20 acted as a negative regulator of susceptibility to the root-infecting fungal pathogen Fusarium oxysporum Schltdl. The expression of LBD20 was induced after F. oxysporum inoculation. Furthermore, the LBD20 mutant showed enhanced resistance to F. oxysporum, while plants overexpressing LBD20 were sensitive to F. oxysporum infection (Thatcher et al. 2012; Xu et al. 2016) .
Recently, a number of LBD proteins have been identified in many plant species, such as rice [Oryza sativa L. (Yang et al. 2006) ], maize [Zea mays L . (Zhang et al. 2014) ], grape [Vitis vinifera L. (Cao et al. 2016) ], apple [Malus domestica Borkh. (Wang et al. 2013 )], and Brachypodium distachyon (L.) Beauv. (Gombos et al. 2017 ).
However, the LBD gene family has not been identified in the strawberry genome.
The cultivated strawberry (Fragaria × ananassa Duch.) is an important horticultural crop for the production of fresh fruit and juice and is also an excellent model plant for fleshy fruit development (Kang et al. 2013; Wei et al. 2016) . Fragaria × ananassa has an extremely complex genome, harbouring eight sets of chromosomes (2n = 8x = 56) derived from as many as four different diploid ancestors, which makes genetic studies very complicated (Shulaev et al. 2011) . Thus, the sequenced diploid woodland strawberry (Fragaria vesca L.) is emerging as a model for fruit crop plant species (Shulaev et al. 2011; Gu et al. 2016) . In the present study, we performed a broad analysis of the LBD genes in diploid woodland strawberry by investigating their chromosome position, evolutionary relationships, protein motifs, gene structure, cis-acting elements, and expression profiles during callus formation and early fruit development. Our research will provide a better understanding of the function of the FvLBD gene family in strawberry. 
Materials and Methods

Identification of LBD genes from strawberry genome
We downloaded the Hidden Markov Model (HMM) profile of the LBD family (DUF260, Pfam number: PF03195) from the Pfam database (Finn et al. 2016) . We then searched the F. vesca genome (fvesca_v1.0_genemark_ hybrid) database [downloaded from the Genome Database for Rosaceae (GDR, http:/www.rosaceae.org) (Jung et al. 2014 )] using HMMER3.0 to identify genes with typical DUF260 motifs using the default parameters. All of the putative genes were further verified to have the conserved LOB domain using the Conserved Domain Database at the National Center for Biotechnology Information [CDD, NCBI, https://www.ncbi.nlm.nih.gov/ cdd (Marchler-Bauer et al. 2017) ] and the Pfam database (http://pfam.xfam.org/search) (Finn et al. 2016) . The information regarding the gene name, gene ID, gene length, and number of amino acids was retrieved from the diploid woodland strawberry genome database at GDR (Jung et al. 2014 ).
Chromosomal location, phylogenetic analysis, protein domains, and gene structure analysis of strawberry LBD genes
The detailed positions of all of the FvLBD genes were retrieved from NCBI. MapInspect software was used to clarify the locations of the LBD genes in the strawberry genome (http://www.files32.com/MapInspect-i366074. asp). The LBD protein sequences of F. vesca and Arabidopsis were downloaded from GDR (Jung et al. 2014) and The Arabidopsis Information Resource (http:// www.arabidopsis.org/; Lamesch et al. 2012) , respectively. The phylogenetic analysis of the LBD protein sequences of F. vesca and Arabidopsis was performed using MEGA 5.0 software (Tamura et al. 2011) . A phylogenetic tree was generated using the neighbour-joining method with the p-distance model, pairwise deletion of gaps, and bootstraps (1000 replicates; random seed). The protein domains of the LBD genes were identified using MEME online tools (http://meme-suite.org/tools/meme) (Bailey et al. 2009 ) with the following parameters: minimum length of the motif, 6; maximum length of the motif, 100; and maximum number of motifs, 7 (F. vesca) and 10 (Arabidopsis). The exon-intron gene structures of the LBD genes were visualized using the online programme Gene Structure Display Server 2.0 (http://gsds.cbi.pku. edu.cn/) (Hu et al. 2015) .
Promoter analysis
The FvLBD nucleotide sequences were used to retrieve whole-genomic sequences from NCBI (Supplementary Table S1 1 ) using the Nucleotide BLAST programme (https://blast.ncbi.nlm.nih.gov/Blast.cgi), and then the upstream 1.5 kb region of the translation start site of the FvLBD genes was obtained from NCBI. PlantCARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/ html/) (Lescot et al. 2002) was used to analyse the cis-element(s) in the promoter regions of FvLBD genes.
Expression analysis
The transcriptome data for the early stages of fruit (F. vesca, Yellow Wonder 5AF7) development were downloaded from the Strawberry Genomic Resources project (http://bioinformatics.towson.edu/strawberry/; Kang et al. 2013) . The transcriptome data (reads per kb of transcript per million mapped reads, RPKM) were calculated using a log2 scale and the heat map was plotted with HemI software (Deng et al. 2014) .
RNA extraction and qRT-PCR
Total RNA samples were extracted from leaf explants using the BioTeke Plant Total RNA Extraction Kit (RP3301, Beijing, China) and then reverse-transcribed into cDNA using the BioTeke supermoIII RT Kit. The quantitative reverse transcription polymerase chain reaction (qRT-PCR) was carried out on a 7500 Real Time PCR system (Applied Biosystems, New York, NY) using a SYBR Premix Ex Taq (TaKaRa Bio Inc., Kusatsu, Japan) reaction SYBR kit. The GADPH gene was used as a reference (Gu et al. 2016) . The primers used for qRT-PCR are listed in Supplementary Table S3 1 . The qRT-PCR results were confirmed in three biological repeats. Each biological repetition was performed with three technical repetitions.
Results
Identification of LATERAL ORGAN BOUNDARIES DOMAIN (LBD) genes in F. vesca
First, we searched the Pfam database and obtained the Hidden Markov Model (HMM) profile of the LBD family (DUF260, Pfam number: PF03195) (Finn et al. 2016) . We next used HMMER3.0 to search the F. vesca genome database using LBD HMM profiles (Eddy 1998) . We subsequently identified a total of 37 candidate genes. The sequences of the 37 candidate genes were submitted to the CDD (Conserved Domain Database at NCBI) and Pfam database of the NCBI to confirm their DUF260 domains. Based on the presence of complete DUF260 domains, 1 candidate gene (gene02445) was discarded due to the absence of a complete predicted DUF260 domain, and 1 gene (gene29787) was found to belong to the ERF/AP2 transcription factor family. Ultimately, a total of 35 LBD genes were identified in the diploid woodland strawberry. Detailed information about the FvLBD genes, including the gene IDs, gene locations, length of the gene sequences, and characteristics of the FvLBD proteins, is shown in Table 1 . The deduced length of the FvLBD proteins ranged from 145 (FvLBD24B) to 744 amino acids (FvLBD2), while the pI (isoelectric point) values ranged from 5.14 (FvLBD24A) to 9.62 (FvLBD22C), which suggested that different LBD proteins might operate in different cellular microenvironments. Thirty-four FvLBD genes in total were distributed throughout all seven F. vesca pseudochromosomes (Fig. 1) . Of these pseudochromosomes, pseudochromosome 7 had the most FvLBD genes (9), followed by pseudochromosomes 2 and 3, which had seven and six FvLBD genes, respectively. Pseudochromosome 6 had five FvLBD genes. Three genes mapped to pseudochromosomes 1 and 5, while pseudochromosome 4 had just one FvLBD gene. According to a previous study, a chromosome region containing two or more genes within 200 kb can be defined as a gene cluster (Holub 2001) . In strawberry, 10 FvLBD genes were present in 4 clusters, of which 2 were on pseudochromosome 2 and two on pseudochromosome 7 (Fig. 1) .
Phylogenetic analysis and distribution of conserved motifs of FvLBD proteins and gene structure analysis of FvLBD genes
To gain insight into the potential function of FvLBD proteins from well-studied LBDs in the model plant Arabidopsis, an unrooted phylogenetic tree of LBDs from F. vesca and Arabidopsis was constructed (Fig. 2) . In addition, to better understand the structure of FvLBD proteins, multiple sequence alignment was performed that indicated a sequence with approximately 100 amino acids was conserved among FvLBD proteins ( Supplementary Fig. S1 1 ). The phylogenetic analysis and multiple sequence alignment showed that the strawberry FvLBD proteins could be classified into two classes that are characterized by the presence (Class I) or absence (Class II) of functional leucine zipper-like domains (Shuai et al. 2002; Majer and Hochholdinger 2011) . Six of the FvLBD proteins were classified into Class II and 29 genes were assigned to Class I. We used the online MEME tool to predict the conserved FvLBD protein domains, identifying 7 conserved motifs (Fig. 3) . The logos of these motifs were obtained from the MEME Suite web server ( Supplementary Fig. S2 1 ). We found that most FvLBD proteins shared similar motifs within subfamilies. Generally, all 35 of the FvLBDs showed the presence of the C block (Shuai et al. 2002) . Motif 3 was identified in all Class I members, while motif 5 and motif 6 were present in all Class II members. Motif 4 was found in all Class I members and one Class II subfamily member (FvLBD2). In addition, 11 Class I members showed the presence of motif 7 (Fig. 3) . . Structural analysis of strawberry LBD transcription factors. The unrooted phylogenetic tree was constructed using fulllength protein sequences of 35 strawberry LBD proteins by the neighbour-joining method using 1000 bootstrap replicates. The two classes are indicated as different greyscale boxes. The protein domains are shown on the left and denoted by rectangles with different colours. The exon-intron organization is shown on the right, with exons and introns represented by green wedges and black lines, respectively. Untranslated regions (UTRs) are indicated by the blue boxes. Intron phases 0 (introns are located between codons), 1 (introns are located between the first and second nucleotides of a codon), and 2 (introns are located between the second and third nucleotides) (Long and Deutsch 1999) are indicated by numbers 0, 1, and 2, respectively. [Colour online.] To investigate the structural evolution of the F. vesca LBD gene family, the exon-intron patterns were analysed. As shown in Fig. 3 , the Class I FvLBD genes exhibited a highly divergent exon-intron organization of the 29 Class I FvLBD genes: 15 genes contained one intron, four genes contained two introns, and three genes contained three introns. FvLBD12A contained six introns, and six genes had no introns. On the other hand, the Class II FvLBD genes showed a highly conserved exon-intron organization: most of the Class II FvLBD genes had one intron, and all of the Class II genes were phase-one introns (intron phases, the positions of introns between or within codons) (Sharp 1981; Long and Deutsch 1999) , with the exception of FvLBD2, which had nine introns (Fig. 3) .
Regulatory elements in the FvLBD promoter
To understand the specific expression of FvLBD genes and their roles in abiotic stress and hormone responses, a search for the existence of cis-acting regulatory elements in the 1500 bp upstream region of the translation initiation codon sites of FvLBD genes was performed by using the PlantCare online tool (Lescot et al. 2002) . As a result, many cis-acting regulatory elements involved in environmental or hormone responses and in tissue-and (or) organ-specific expression were identified (Table 2,  Supplementary Table S2 1 ). For example, all of the FvLBD genes showed the presence of the light-responsive element. In addition, elements associated with heat stress and low temperature stress responses were found in 14 and 10 FvLBD genes, respectively. Twenty-three 
Note: Plus sign (+) indicates the presence of the cis-element(s); em dash (-) indicates the lack of the cis-element(s). a The different cis-element(s) are represented by numbers: 1, light; 2, heat stress; 3, low temperature; 4, defense and stress; 5, circadian; 6, fungal elicitor; 7, MYB binding site; 8, dehydration, low-temp, salt stress (DRE); 9, wound; 10, MeJA; 11, SA; 12, auxin; 13, GA; 14, Ethylene; 15, ABA; 16, zein metabolism; 17, palisade mesophyll cells differentiation; 18, leaf morphology development; 19, endosperm; 20, meristem; 21, root; 22, cell cycle.
FvLBD genes had regulatory elements involved in the defence and stress responses and circadian control. The fungal elicitor response element was found in 10 FvLBD genes, the MYB binding site was observed in 28 FvLBD genes, and a cis-acting regulatory element in response to wounding was found in five FvLBD genes. In addition, many hormone-response elements were identified in FvLBD genes: MeJA and salicylic acid (SA) response elements were observed in 18 and 16 FvLBD genes, respectively; auxin response elements were observed in 8 FvLBD genes; gibberellin (GA) response elements were identified in 25 FvLBD genes; and ethylene and abscisic acid (ABA) response elements were found in 6 and 13 FvLBD genes, respectively. In addition, the palisade mesophyll cell differentiation element, leaf morphology development element, endosperm expression element, meristem expression element, cell cycle-control element, and root-specific expression elements were also identified in the promoters of FvLBD genes. Notably, many cis-acting regulatory elements involved in plant development were identified in the FvLBD promoter sequences, suggesting that the FvLBD genes may have important roles in controlling strawberry development.
Expression analysis of the FvLBD genes during callus formation
Unlike animals, many plants have the remarkable ability to regenerate and form an entire plant body from various tissues or organs. Callus induction is often the initial step in a typical in vitro plant regeneration system (Fan et al. 2012; Liu et al. 2014) . LBD transcription factors have been reported to be important in regulating callus formation in Arabidopsis (Fan et al. 2012) . To gain insight into the function of FvLBD genes during the callus formation in strawberry, we performed quantitative qRT-PCR to evaluate the expression profiles of the FvLBD genes during callus formation (Fig. 4) . As shown in Fig. 4 , most of the FvLBD genes were down-regulated, with the exception of FvLBD16, which showed a significant increased expression profile during the process of callus formation.
Expression analysis of the FvLBD genes during early fruit development
The LBD genes have been shown to have an important role in controlling plant development in Arabidopsis and rice. To investigate whether and how FvLBD genes might be involved in early strawberry fruit development, the transcriptome data during the early stages of fruit development (Kang et al. 2013) were analysed. The genomic transcriptome data showed that the LBD genes are expressed differently in different tissues during early fruit development (Fig. 5) . For example, FvLBD38A showed a continuous high level of expression during the development of both the cortex and the pith. FvLBD25A showed an increased expression profile during early cortex and pith development. FvLBD12A and FvLBD12B showed increased expression profiles from stage 1 to stage 2, although their expression levels were down-regulated from stage 3 to stage 5 in the cortex and pith, respectively. Four FvLBD genes (FvLBD15A, FvLBD18, FvLBD38A, and FvLBD19) exhibited high transcript accumulation in the wall. FvLBD42 showed high accumulation patterns in the embryo. The FvLBD9 and FvLBD18 genes showed increased expression profiles during early ovule development. Three FvLBD genes (FvLBD4B, FvLBD16, and FvLBD36A) exhibited high transcript accumulation in the ghost (entire seed with its embryo removed). In summary, FvLBD genes show clear changes in expression in specific tissues and stages, which might be consistent with their specific functions during early fruit development.
Discussion
In this study, a broad analysis of the LBD gene family was conducted. The chromosome position, protein motifs, gene structure, and cis-acting elements of the genes were analysed in silico. qRT-PCR was subsequently performed to reveal the expression patterns during the callus formation. In addition, we further investigated the expression profiles of the FvLBD genes during early fruit development in silico. Genome-wide analysis of the LBD genes in F. vesca will greatly contribute to understanding their role during strawberry growth and development.
Evolution and structure of the LBD gene family in F. vesca A total of 35 FvLBD genes were identified in the diploid woodland strawberry genome [accession Hawaii 4 (Shulaev et al. 2011) ], whose number is fewer than that in Arabidopsis (43). These FvLBD genes were localized to 7 chromosomes, although the location of FvLBD20 remains unknown. Unlike in Arabidopsis, many FvLBD genes (11) have more than one copy in the genome. This redundancy might be due to gene duplication in the strawberry genome. Based on the sequence and phylogenetic analyses, the FvLBD proteins were classified into two subclasses (Class I and Class II). Both subclasses contain the C Block, while the GAS block and L-rich block only appear in Class I. In our research, FvLBD2 was separated into the Class II subfamily due to the absence of the L-rich motif. The gene structure and protein domains might reflect the phylogenetic relationships and duplication events within the gene family. In strawberry, the exon numbers of the LBD genes ranged from 1 to 10, and most of these genes contained 2 exons. Additionally, the exon numbers vary much more compared with Arabidopsis. For example, three FvLBD genes (FvLBD25A, FvLBD29B, and FvLBD20) have four exons, FvLBD12A has 7 exons, and FvLBD2 even has 10 exons. In contrast, most of the AtLBD genes (27) contain 2 exons, and only 2 genes contain 3 exons (Fig. 3, Supplementary  Fig. S3   1   ) . Fig. 4 . Expression patterns of FvLBD genes during callus formation. Transcript levels were analysed from time 0 to 16 days after culture (DAC). The expression levels relative to GADPH were measured by qRT-PCR. Thirty-four FvLBD gene expression profiles were shown, while FvLBD6 was not detectable during the callus formation. Bars show standard deviation from three PCR experiments. Results were confirmed in three biological repeats. Time 0 = explants prior to culturing.
FvLBD16 might have a prominent role in callus formation in F. vesca Many plants have the remarkable ability to regenerate and form an entire plant body from various tissues or organs. Callus induction is often the initial step in a typical in vitro plant regeneration system (Fan et al. 2012; Liu et al. 2014) . The callus formation process is mainly regulated by auxin and its downstream regulators. It was previously reported that four LBD genes downstream of auxin participate in regulating callus formation in Arabidopsis (Fan et al. 2012) . However, unlike Arabidopsis, only FvLBD16 was upregulated during the callus formation in strawberry. This result suggests that FvLBD16 might play a prominent role in regulating callus formation in F. vesca.
FvLBD genes are likely to play a role during early fruit development Many studies have revealed that LBD genes play important roles in the regulation of plant development. . Expression profiles of FvLBD genes during early fruit development. The expression levels (RPKM) were directly downloaded from http://bioinformatics.towson.edu/strawberry/ and plotted as a log2 scale. Red and blue boxes indicate high and low expression levels, respectively. Wall, the carpel wall that encloses individual seed inside; ghost, the entire seed with its embryo removed; embryo, the tiny embryo dissected out of seed; cortex, the upper layer of the receptacle or the fleshy tissue immediately underneath achenes; pith, the interior tissue of the receptacle. [Colour online.] The cis-element analysis of the FvLBD genes identified the endosperm, meristem, and cell cycle-control related elements. These data revealed the potential role of FvLBD genes in regulating strawberry development. Based on the transcriptome data, we found that some FvLBD genes are induced in specific tissues during the early stages of fruit development. For example, the FvLBD18 gene was induced during the development of the cell wall and ovule, and the FvLBD25A gene was up-regulated during the early stages of the cortex and pith development. These results suggest that the FvLBD genes might take part in early-stage fruit development. It has been reported that the AtLBD18 gene could regulate the cell cycle-controlling gene E2Fa and the cell wall-loosening factor gene EXPANSIN14 (Berckmans et al. 2011; Lee et al. 2013 ). These findings suggest that the LBD genes might function as a cell cycle regulator during the early stages of fruit development in F. vesca.
In conclusion, a total number of 35 FvLBD genes were identified in the diploid woodland strawberry genome. The evolutionary relationships and comparisons with their counterparts in Arabidopsis aided in identifying the potential functions of the FvLBD genes. A number of cis-acting elements were found in the promoter regions of FvLBD genes, increasing our knowledge of the regulatory mechanisms of LBD genes in strawberry. By analysing the expression profiles of the FvLBD genes during callus formation, we found that FvLBD16 might play an important role in regulating this process. In addition, as fruit development is very special and important for strawberry, we further investigated the expression profiles of the FvLBD genes during the early stages of fruit development by analysing the transcriptome data. We found that some FvLBD genes were specifically induced during early fruit development, suggesting that the FvLBD genes might play a role in strawberry fruit development. Our research has laid the foundation for future studies to reveal the functions of the LBD genes during the growth and development of strawberry.
